Summary: Autoregulation of cerebral blood flow (CBF) to mean arterial blood pressure (MABP) of 40-50 mm Hg has been demonstrated in the spontane ously breathing gerbil anaesthetised with barbiturate (60 mg/kg). CO2 reactivity has also been assessed at 2.8% change CBF/mm Hg change in arterial Pco2. In six animals pretreated with indomethacin (3 mg/kg) , autoregulation was pre served although the resting CBF was significantly reduced, but CO2 reactivity was completely abolished. I-n-Butyl imidazole, a specific thromboxane syn thetase inhibitor, was used in six other animals (3 mg/kg), and this abolished CO2 reactivity while preserving autoregulation; the effect of this agent has not been described previously. Both drugs inhibit different pathways of prosta glandin metabolism and may interfere with normal CO2 reactivity in several ways. Two explanations are that prostaglandins constitute the final common pathway in effecting cerebrovascular response to CO2 or, alternatively, that the free radicals and ionic fluxes generated during prostaglandin metabolism are a coincidental source of the hydrogen ion changes required.
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In
There is an increasing interest in the effects of prostaglandins and their precursors on cerebral ar teries, but whether these substances perform a reg ulatory function or are present only in disease is controversial. Some have suggested that substances evolved from the arachidonic acid cascade may be involved in the normal control of cerebral blood flow (CBF); it has been shown that prostaglandin synthetase inhibition reduces the reactivity to CO2 (Pickard and MacKenzie, 1973) while preserving autoregulatory changes in systemic blood pressure in the baboon (Pickard et aI., 1977) . In our studies on ischaemic oedema (Iannotti et aI. , 1981) , we have found a reduction in control CBF when animals are treated with indomethacin, a prostaglandin synthetase inhibitor, and it was important for further studies to ascertain this drug's effects on autoregulation and CO2 reactivity. Thromboxane synthetase inhibition might be expected to have an opposite effect if the availability of prostaglandin were important to these cerebrovascular responses. We have therefore studied the effects of both in domethacin and I-n-butyl imidazole in our gerbil preparation.
MATERIALS
Indomethacin [1-( -p-chlorobenzol)-5-methoxy-2-methyl-indole-3-acetic acid] is a potent cyclo oxygenase inhibitor blocking the transformation of arachidonic acid to cyclic endoperoxides (Vane, 1971) . Metabolism along this pathway results in the production of prostacyclin and prostaglandins E2 and F2a, as well as thromboxane A2; it affects the lipoxygenase pathways (Bragt and Bonta, 1980) , and it reduces the calcium ion uptake by endothelial cell membranes but does not affect calcium uptake by cerebral cellular membranes (Northover, 1979) . We injected indomethacin (supplied by Merck, Sharp & Dohme) intraperitoneally in a dose of 3 mg/kg dissolved in phosphate buffer, pH 7.4. The drug was dissolved immediately prior to use; al kaline extremes and high temperatures were avoided, since these rapidly denature indomethacin to produce imidazole and parachlorobenzoic acid (Hucker et aI. , 1966; Shen and Winter, 1977) . This dose inhibits 80% of the prostaglandin synthesis in brain and blood vessels of rats, in which the half life of the biological activity is 32 h; we have assumed that the gerbil is similar (Abdel-Halim et aI., 1978) .
l-n-Butyl imid azole (supplied by Wellcome Laboratories) is a selective inhibitor of throm boxane synthesis (Blackwell et aI., 1978; Tai and Yuan, 1978) , preventing the formation from cyclic endoperoxides to thromboxane Az. Some recent studies have suggested that it might inhibit the lipoxygenase pathways in high doses, but this aspect is thought to be minor in comparison with thromboxane inhibition. Blockade of the throm boxane pathways should, in theory, allow an in creasing formation of other parts of cyclo oxygenase pathways such as prostacyclin or pros taglandins. Thromboxane Az is also the most potent cerebral vasoconstrictor known (Ellis et aI., 1977) , and its inhibition might affect normal CBF values. The agent was dissolved in phosphate buffer, pH 7.4, immediately prior to use and was injected in traperitoneally in a dose of 3 mg/kg.
METHODS Preparation
Adult male gerbils 40-60 g were anaesthetised with pentobarbital, 60 mg/kg, i.p. , and allowed to breathe spontaneously. Throughout the entire pro cedure the animal's temperature was carefully con trolled. The preparation has been described in detail elsewhere (Crockard et aI., 1980) ; a brief resume will be given here.
Measurements
Focal blood flow (regional CBF, rCBF) mea surements were made using the hydrogen-clearance technique, for which four I-mm-Iong and 100-/Lm diameter, Teflon-coated platinum iridium elec-
trodes were inserted into the grey matter through burr holes drilled on each side of the sagittal suture (two in front and two behind the coronal suture) and fixed in position with methylmethacrylate. An arte rial catheter was inserted into the left femoral artery and fixed in position with biological "glue." Direct recordings of blood pressure were obtained using a blood pressure transducer (Statham P23g). Arterial blood gas analysis was performed on a Radiometer ABL 3 using small blood samples (less than 0. 2 mI). CBF was calculated using the initial-slope tech nique (Pasztor et aI. , 1973) , having disregarded the first 40 s of the hydrogen-clearance curve to exclude any effects of recirculation.
CO2 reactivity was assessed by adding COz to Oz, the gases being administered through a face mask; when steady-state conditions were obtained, hy drogen was added to the inspired gases for CBF measurements. During the hydrogen clearance, the arterial Pcoz was measured again, and aliquots of saline were administered to replace the blood vol ume removed for the blood gas estimation, so that the animal's small blood volume was maintained. Reaction to hypocapnia could not be tested in the spontaneously breathing animal.
The data were analysed in two different fashions. The COz reactivity of each group was estimated before and after a COz challenge, and the average CBF change from all four electrodes was expressed as the percentage change CBF/mm Hg change in Paco2• The groups were compared by the Student t-test (unpaired). Second, individual rCBF mea surements from each individual electrode were plotted against the P aC02 level at the time of the CBF estimation and a linear regression calculated for each group (Fig. 1) . The response was expressed as an absolute change in flow per mm Hg CO2, Two similar but not identical results for CO2 reactivity were obtained by these calculations.
Autoregulation was tested only by haemorrhagic hypotension, since it is difficult to produce a con stant hypertension to drug infusions in such a small animal. Blood was removed via the femoral artery catheter until a steady hypotensive systemic blood pressure was obtained; a hydrogen clearance was then performed and the blood gases of the exsan guinated sample estimated. At least six separate CBF measurements were made in each animal to construct the autoregulatory curves.
The absolute rCBF values from each electrode were calculated for the prevailing mean arterial blood pressure (MABP), and the mean values of Table 2 ).
The same results were also expressed graphically (Fig. 2) .
Protocol
Twenty-nine animals divided into five groups were used in this study. In all animals, control flow observations were obtained at steady levels of blood pressure, blood gases, and anaesthesia. Six gerbils used to establish the normal autoregulatory curve alone constituted group A. Normal CO2 reac tivity was calculated from tests on six animals that did not have autoregulatory tests prior to adminis tration of CO2, All subsequently had tests of au toregulatory ability. To determine if induced hyper- � capnia might affect the experimental preparation and bias the effect of administration of the drugs, the six were divided into two groups of three in which CO2 reactivity was assessed. They were then given indomethacin or l-n-butyl imidazole, and 1 h later the response to CO2 was again assessed. Three other animals were injected with either drug without formally testing the normal CO2 response be forehand, and CO2 reactivity was assessed 1 h later. The responses to the drugs were uniform, whether or not CO2 reactivity had been assessed previously (Fig. 1) . Following CO2 reactivity tests, the six animals in group B (indomethacin) and group C (l-n-butyl imidazole) were subjected to graded haemorrhagic hypotension to assess their au toregulatory capacity. The effect of the phosphate Heart rate, beats/min; MABP and blood gases, mm Hg; CBF, mVl00 glmin; CO2 reactivity, % change CBF/mm Hg CO2, buffer itself on CO2 reactivity and autoregulation was tested in three animals, group D. Two groups of four animals were injected intraperitoneally with the same dose of indomethacin or I-n-butyl im idazole and sacrificed 1 h later to assess the brain specific gravity as in previous studies (Iannotti et al. , 1981) .
RESULTS
The normal gerbil's mean blood pressure was 81
± 10 mm Hg, and the normal heart rate, 140 ± 22 beats/min. Control blood gas values were Paco2a, 35 ± 3 mm Hg and Pao2, 102 ± 10 mm Hg; and mean CBF was 29.4 ± 4 mll100 g/min. One hour after intraperitoneal indomethacin, there was no signifi cant change in MABP (72 ± 8 mm Hg), heart rate (131 ± 28 beats/min), or blood gases, but there was a significant reduction (p < 0. 02) in CBF to 24 ± 4 mlll00 g/min compared to control values. Following administration of I-n-butyl imidazole, there was no change in MABP, heart rate, or blood gases and an insignificant reduction in CBF (26.1 ± 4. 5 mll100 g/ min) as compared to untreated animals ( Table 1) . The phosphate buffer did not affect any of these parameters, nor did it affect autoregulation or CO2 reactivity. Brain specific gravity measurements have been estimated in previous studies for normal gerbils (1.0500 ± 0. 0004). Indomethacin reduced the spe cific gravity (1.0485 ± 0.0002), whereas I-n-butyl imidazole had no significant effect (1.0494 ± 0.0007).
Autoregulation was assessed as described (Fig. 2 , Table 2 ). The gerbils autoregulated to between 40 and 50 mm Hg MABP and then displayed the char acteristic reduction in CBF with further hypoten sion. Indomethacin, although it reduced resting blood flows at normal MABP, did not interfere with autoregulation, and the "break point" of the curve was identical to that for normal untreated animals. ability to autoregulate. The last two groups were tested after CO2 reactivity had been assessed, indi cating that the preparations were physiologically sound.
The grouped results of CO2 reactivity tests in all three groups are shown in Table 1 . In the normal gerbil, CO2 produced a 2.8 ± 1. 1% change in CBF per mm Hg. This reactivity was abolished by in domethacin (-0. 22 ± 0. 36% per mm Hg) and by I-n-butyl imidazole (-0.4 ± 38% per mm Hg), and these latter results are significantly different from control values (p < 0.001).
As stated in the protocol, some animals had sev eral CO2 challenges, and the rCBF values from each electrode were compared with the corresponding Paco2 (Fig. 1) ; there was remarkably little scatter and few, if any, paradoxical responses, indicating minimal trauma around each electrode. As stated earlier, linear regression analysis was applied to all observations from each electrode, and this provided similar, but not identical, data to the grouped re suits. In the untreated animals it was calculated as follows: Y = 0. 624 X + 1.99, r = 0.59 (p < 0.01). The gerbils pretreated with indomethacin demonstrated an absence of CO2 reactivity: Y = 0.016 X + 22.67, r = 0. 05 (ns). Similar findings were obtained from those injected with I-n-butyl imidazole: Y = 0.047 X + 23.9, r = 0.12 (ns).
DISCUSSION
Autoregulation to changing systemic blood pres sure has been described in many mammals (Harper, 1966; Symon et al. , 1973) , and we present gerbil autoregulatory curves with break points similar to those described in primates and dogs. Administra tion of indomethacin and I-n-butyl imidazole had no effect on the animals' ability to autoregulate; even the break point was the same in all three groups.
We calculated the CO2 reactivity in normal ger bils anaesthetised with barbiturate as 2. 8 ± 1. 1% per mm Hg (1. 2 mllmm Hg CO2), which is lower rCBF values (mll100 glmin) were collected and the mean flow ± SD tabulated in decades of MABP.
than the estimate in the baboon anaesthetised with chloralose (Symon et aI., 1973) . Our rationale for using barbiturate anaesthesia has been given elsewhere (Crockard et aI., 1980) , but the main rea son has been that in our laboratory it provides sta ble, physiological conditions in the spontaneously breathing gerbils. Dahlgren and Siesj6 (1981) have recently demonstrated that barbiturate reduces CBF in rats and at high doses (150 mmlkg) may mask any circulatory changes produced by in domethacin. Our low control flows would be in ac cord with this, but fortunately at the lower doses we employed (60 mg/kg) , the reduction in flow pro duced by indomethacin was still obvious. That the administration of indomethacin and I-n-butyl imidazole abolishes CO2 reactivity with preserved autoregulation suggests a very specific action of these agents on CO2 reactivity and is in keeping with published results for baboons (Pickard and MacKenzie, 1973) and rats (Sakabe and Siesj6, 1979) . Indomethacin inhibits the cyclo-oxygenase pathways, preventing the conversion of arachidonic acid to the cyclic endoperoxides from which pros tacyclin, thromboxanes, and prostaglandins are formed (Vane, 1971) . Recent studies have shown that the inhibitory effect of indomethacin on CO2 reactivity can, in part, be reversed by the adminis tration of prostacyclin (Pickard et aI., 1980) .
There is increasing evidence that prostaglandins are formed within the wall of the blood vessels, most commonly prostacyclin (Moncada et aI., 1976; Abdel-Halim et aI., 1979; Hagen et aI., 1979; Maurer et aI., 1979) . One of its roles is to ensure unimpeded flow by preventing adhesion of cir culating platelets that are rich in thromboxane, but the effect of indomethacin on CO2 reactivity might suggest another function.
We can speculate that prostaglandins formed in the endothelium may be involved in the CO2 re sponse, and it may be that prostaglandins are the "final common pathway" through which a pH change alters the vascular smooth muscle cell membrane and hence its contractility. During the transformation from prostaglandin G2 to H2, a free radical is produced, and it may be that this active radical causes ionic changes at the membrane level that affect the CO2 responses. In other words, prostaglandins are only important in that their me tabolism generates ionic fluxes required to affect cell membranes.
The abolition of CO2 reactivity by I-n-butyl im idazole surprised us, since it is thought to be a spe cific thromboxane inhibitor and should have in creased the cyclic endoperoxides available for con version to prostaglandins and prostacyclin. It may be that in doses we used, it inhibited prostaglandin synthesis as well. We would have expected, how ever, that this would have resulted in a reduction in CO2 reactivity rather than its complete absence. The imidazole group of drugs affects myocardial tis sue by an action on calcium ions (Verma and McNeil, 1974) , and certainly an interference with calcium metabolism would profoundly affect the contractile ability of blood vessels; but again, be cause there was no change in autoregulatory capac ity, it seems unlikely to us that I-n-butyl imidazole acts at this site in this preparation. Again, this agent may abolish CO2 reactivity by interfering with ionic fluxes, the reaction being independent of its effect or of thromboxane synthesis. Clearly, further studies of the effects of this substance on CBF are required.
Indomethacin reduces CBF in baboons (Pickard and MacKenzie, 1973; Pickard et aI., 1980) and ger bils; it also increases brain water content (Iannotti et aI. , 1981) . I-n-Butyl imidazole has no effect.on brain water but might also slightly reduce CBF. It may be that indomethacin, by reducing the endoge nous prostaglandins, causes a vasoconstriction and reduces flow (Nilsson et aI., 1981) . The increase in brain water content may be due to a separate action of indomethacin.
Our results appear to confirm that autoregulation and CO2 reactivity can be separated in the normal situation. Interference of the metabolic pathways of arachidonic acid has a profound effect on CO2 reac tivity, which may be explained in two ways. First, prostaglandins may be involved in normal cere brovascular responses to CO2, Second, CO2 reac tivity may be due to a pH change at the membrane level, and the free radicals and ionic fluxes gener ated during prostaglandin metabolism are one coin cidental source of the hydrogen ion change required to effect the reaction.
